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ABSTRACT
THE POTENTIAL FOR REDUCTIVE DECHLORINATION
UNDER MICROWAVE EXTRACTION CONDITIONS
FEBRUARY 2000
STEVEN M. WILKINS, B.A., UNIVERSITY OF MASSACHUSETTS AMHERST
M.A., UNIVERSITY OF MASSACHUSETTS AMHERST
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Stephen Simkins
Microwave-enhanced extraction is gaining in popularity because it allows for faster
extraction, reduced solvent use, and high recovery efficiency compared to traditional
methods such as Soxhlet extractions. The elevated temperatures and pressures applied to
samples during microwave-enhanced extraction have the potential to accelerate abiotic
degradative reactions producing artifactual apparent breakdown products absent from the
original samples.

In addition, humic substances have been shown to shuttle electrons

between donors and acceptors. Because chlorinated organic compounds have proven to be
good electron acceptors and because ferrous iron is often present in anoxic soils, the
possibility appeared to exist that reductive dechlorination of chloroorganic compounds in
samples of anaerobic soils and that this degradative reaction could be accelerated by the
conditions applied during microwave-enhanced extraction.
Aqueous solutions of between 10 and 40 pg of PCP per ml were subjected to wide
ranges of temperatures and pressures in the presence of 0.4 mg/ml of humic acid extracted
from a commercial peat, in the presence of 400 pg/ml of FeS04-7H20, in the presence of
IV

both humic acid and ferrous iron, and in the presence of neither. These four treatments were
tested for four days at room temperature. These treatments were also microwaved for 30 min.
at 121, 145, and 170°C, for four hours at 160, and 170°C, and for one hour at 190°C, which
was the operational upper limit of the microwave-extraction, pressure vessels. In none of the
four treatments, following none of the time and temperature programs, were any additional
apparent dechlorination products detected. Changing the solvent from water to ethyl acetate
before microwaving 40 pg/ml PCP for 30 min. also failed to promote dechlorination.
Microwaving a 20-pg/ml, aqueous solution of 2,3,4-trichlorophenol with the same
combinations of humic acid and ferrous iron also failed to produce any evidence of reductive
dechlorination. Four hours of microwaving at 160°C also failed to effect dechlorination of
either 20 pg/g of PCP in any of four different soils or of 20 pg/ml of PCP in the usual four
treatments in which the peat humic acid was replaced by Aldrich humic acid.
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CHAPTER 1
INTRODUCTION
The United States Environmental Protection Agency (EPA) has been looking for new
methodologies of sample extraction that minimize the use and production of waste solvents
employed in the sample extraction.

More conventional and widely used extraction

techniques include Soxhlet and sonication methods. These techniques typically employ a
large amount of hazardous solvent which contributes to atmospheric pollution within
laboratories conducting such extractions. Another method long ignored by the EPA is
Supercritical Fluid Extraction (SFE).
Supercritical Fluid Extraction (SFE), through its minimal usage and production of
hazardous waste solvent would seem to be a very important sample extraction technique and
be recommended by the EPA. SFE frequently uses C02 for extraction. Carbon dioxide is
a nontoxic gas which shows little tendency to react with other chemicals. Carbon dioxide
is also non-flammable. By varying the pressure and temperature of the carbon dioxide, one
can enhance the selectivity of the SFE process (Lopez-Avila 1996). An additional bonus of
SFE is the ready removal and disposal of the extraction solvent. However, the EPA only
promulgates two SFE methods: method 3560, which is a method recommended by the EPA
for the extraction of petroleum hydrocarbons from soil, and method 3561, which is a method
for the extraction of polynuclear aromatic hydrocarbons from solid substrates (U.S.
Environmental Protection Agency 1996).
Another method long ignored by the EPA and more recently gaining support is the
utilization of microwave energy for sample extraction. The utilization of microwave energy
1

to enhance the extraction of a variety of organic compounds from such things as seeds, foods,
and soils (Hoogerbrugge et al. 1997) is rapidly becoming a standard protocol in many
businesses and laboratories. Numerous patents have been issued for the use of microwave
processes for the extraction of essential oils and other organic oils from biological materials.
Microwave extraction techniques have also been used to quantitatively extract chlorinated
organics from soils (Beckert 1995).
Some of the reasons behind the excitement surrounding microwave extraction
techniques are from the potential benefits of utilizing this methodology for extractions.
Using microwave techniques for the extraction of organic compounds results in the use of
much smaller amounts of solvent than traditional extraction procedures which, in turn, results
in decreased pollution of laboratory air. Soxhlet and sonication sample extraction can use
upwards of300 ml of organic solvent per extraction, whereas microwave-assisted extraction
routinely utilizes around 30 ml (Lopez-Avila 1996, Chee et al. 1996, Xiong et al. 1998).
Additionally, there is a significant decrease in the amount of time it takes to extract a sample
as compared to Soxhlet and sonication extraction techniques.

Soxhlet and sonication

extraction techniques are performed one sample at a time and can take upwards of 12 hours
to perform (Xiong et al. 1998), whereas a total of 12 samples can be extracted simultaneously
utilizing microwave extracting techniques.
The microwave energy used in most extraction procedures has a frequency of 2,450
MHZ. This microwave energy, when employed in an extraction procedure, is primarily used
to heat up polar molecules like water. Polar compounds are strong absorbers of microwave
energy. Some organic compounds like granular activated carbon (GAC) are also known to
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be strong absorbers of microwave energy, while materials like silica which are found in high
concentration in soil separates are very low absorbers of microwave energy and allow the
transmittance of this energy (Zhu et al. 1992).

When choosing solvents for use in a

microwave extraction procedure, one must pay special attention to the type of solvent being
chosen. A polar extracting solvent such as water, ethyl acetate, acetone or a combination of
polar and nonpolar extractants such as hexane and acetone must be used because microwave
energy is not absorbed by nonpolar solvents such as hexane, and thus little heat is produced
within the extraction vessel when being bombarded by microwave energy.
In addition to solvent absorption of microwave energy, many reactive functional
groups found within humic acid molecules are also strong microwave absorbers. Humic
acids have been known to bind to certain chemical compounds and enhance the transport of
these chemicals within the environment (Kile and Chiou 1989). Much of the literature
indicates that humic substances greatly increase the persistence of many organic compounds
due to either direct sorption or covalent bonding of their residues to reactive sites on the
humic molecule such as on carboxylic, phenolic, hydroxyl, and enolic groups, rendering
them unavailable for microorganisms to degrade. Very little is known about any possible
catalytic effects on molecules attached to the humic molecules. It is known however, that
in the presence of sunlight or UV light, compounds bound to the humic molecule are readily
degraded. In rivers, lakes, and streams, photocatalyzed degradation is a major pathway in
the degradation and removal of organic chemicals in the aqueous environment (Bekbolet
1996, Bekbolet and Ozkoseman 1996, Bums et al. 1996, Eggins et al. 1997).

The other

major way in which humic substances increase the persistence of chemical compounds in the
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soil and in solution is by their covalent incorporation into growing humic molecules (Haider
1988).

Phenols, catechol, and anilines tend to form covalent bonds to humic molecules

relatively easily (Perdue 1985).

Many compounds, and especially those that are weakly

basic like amino acids, pyrroles, amides, amines and imines can combine chemically with
carbonyl-containing substances including reducing sugars, reductones, aldehydes, and
ketones.

Many of the widely used chlorinated pesticides fall under these categories,

including the environmentally important and widely used compound pentachlorophenol.
Molecules covalently bound to humic acid are extremely difficult to extract and in many
cases can be considered non-extractable with commonly employed solvents (Merck and
Martin 1987).
It may be possible for compounds bound to humic acid, and in the presence of
microwave heating of the extraction vessel contents, to cause a catalytic transformation of
chlorinated aromatic and aliphatic compounds. The energy and heat produced by microwave
bombardment may cause an electron transfer to the more oxidized chlorinated molecules
from the potential electron donor, the humic acid, which may result in the removal of
chlorine from the molecules as chloride. Additionally, the simultaneous presence of reduced
iron and humic acids may result in a shuttling of electrons from the iron to highly
electrophilic chlorinated organic molecules, such as pentachlorophenol. It is known that
humic acids can accept electrons from reduced compounds such as ferrous iron (Lovely et
al. 1996). The acceptance of electrons by humic acid from the ferrous iron results in the
reduction of quinone groups within the humic acid molecule to hydroquinones.

The

hydroquinones may then transfer electrons to the more oxidized chlorinated molecule
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(Lovely et al. 1996). In this scenario, reductive dechlorination of the pentachlorophenol
molecule occurs with the potential formation of lower-molecular weight breakdown
products.

Additionally, soil-catalyzed hydrolysis of some organic chemicals may occur

(Dragun 1998). Microwave energy is proving to be a great asset in the extraction of a wide
variety of organic compounds. The EPA has promoted the use of microwave energy for the
extraction of samples. However, under the harsh conditions created during the microwave
extraction procedure, it may be possible in the presence of reduced iron and humic acids for
reductive dechlorination of chlorinated molecules to occur.

These extractions and the

resultant potential production of lower molecular weight breakdown products can show a
higher percentage of degradation of target compound than was actually achieved during the
actual experiment.
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CHAPTER 2
MICROWAVE ENERGY
What Is Microwave Energy
Frequency and wavelength of electromagnetic radiation are related in the following
way;
C=fw.
Where C is the speed of light in a vacuum (3 x 108 m/s),/is the frequency of the propagating
wave and w is the corresponding wavelength.

Microwave radiation is a type of

electromagnetic radiation which is the propagation of energy in the form of waves.
Microwaves cover the spectrum of electromagnetic radiation from 300 MHZ to 300 GHz.
The frequency of radiation most commonly utilized in digestion/extraction systems is 2.450
GHz which has a wavelength of 122 mm (Beaty et al. 1992). Electromagnetic radiation of
all types are governed by four equations known as Maxwell’s equations. Maxwell, a 19th
century scientist, has made his contribution to the study of electromagnetic radiation by
postulating the interdependence of electrical and magnetic fields in a propagating wave
(Pozar 1998).

Dipolar Molecules and Their Interactions with Microwaves
Microwave coupling to molecules is based on the reorientation of dipolar molecules
by the electric field that is imposed on it. Water, for example, is made up of both oxygen and
hydrogen atoms. Each of the hydrogen atoms has a single formal positive charge and each
of the oxygen atoms has two negative charges. The two hydrogen atoms and the single
oxygen atom join at an angle of 104.5°. The resulting shape of the molecule of water

6

resembles a "V". The two charges in the water molecule are separate from one another and
are called a dipole.

Other typical groups which give rise to the formation of dipoles

including hydroxyl, amino, and cyanates.
In a solution of polar molecules in the absence of an electric field, there is a random
arrangement of the dipole moments.

However, when polar molecules are exposed to an

oscillating electric field as is found within the confines of a microwave oven, there is a
strong tendency for these molecules to arrange themselves in the direction of the oscillating
electric field. The ability for molecules to orient themselves in the direction of the field
depends on dipole mobility and on the strength of the applied electric field (Beatty et al.
1992).
When a polar material such as water is subjected to an oscillating electric field, a
rotational force or torque is produced within the water molecules in which there is an attempt
by the molecules to get in phase with the electric field. At lower frequencies the molecules
have little trouble in following the direction of electric field.

At this time there are few

collisions between the molecules due to the low frequency, and the energy of the electric
field is stored with the aligning of the molecules to the field. As the frequency of the field
increases, the stored energy is lost, as the energy of the field is absorbed in a process called
damping. In this situation the molecules are beginning to lose phase with the electric field.
The work being done on the dipole moment results in the heating of the dipoles.
As the frequency rises even higher, adjacent functional groups on the molecule
prevent the motion of the dipole from being in phase with the electric field as the molecules
cannot re-orient themselves at a rate equal to that at which the electric field is changing. At
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this time of high damping, the molecules can no longer rotate freely within the medium at
the rate of the oscillating field and under these conditions the dipole can no longer transfer
energy to the surrounding molecules. At this point the absorptivity begins to move towards
zero and the waves have less and less influence on the material (Buffler 1993).
The efficiency of this coupling is dependent on a number of factors, including the
dipole strength, the mobility of the dipole, and the mass of the dipole. Small strong dipoles
couple to the radiation the most efficiently. Small polar molecules such as solvent molecules
or molecules of water obtain translational energy in addition to the energy from rotational
energy, dramatically increasing the coupling of these molecules with the radiation compared
with a segment of a large macromolecule.

Similarly, a dipole that is part of a group

branching from the main chain of a polymer will couple more strongly to microwaves than
a group in the main chain, which is less mobile. A liquid couples the strongest, followed by
a rubber, glassy polymers, and finally crystalline materials. (Beatty et al. 1992). Crystal
structures of solid materials like ice or some plastics, even though some may be polar, are
not as amenable to this form of energy because the crystal lattice is locked into place and the
molecules have little room to rotate enough to collide with their neighbors. Non-polar
molecules which are symmetrical and have no dipole moment do not interact with electric
fields, and thus, are not influenced on exposure to electromagnetic radiation.
There exists a relationship between the dielectric constant’s of a polar solvent and
the coupling of these solvents to microwave irradiation. Using organic solvents, the loss
factor (absorptivity) increases as the dielectric constant increases. Studies have shown that
the higher a material’s dielectric constant, as a rule of thumb, the better a coupler with
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microwave radiation it is and thus it will give rise to a faster increase in temperature. A
recent study has shown that utilizing a 700-watt microwave oven operating at 100% power
on a 2-ml sample of N,N -dimethylformamide (DMF which has a dielectric constant = 36.7)
gives rise to a solvent increase in temperature of just under 300 degrees Celsius. Under
identical conditions and utilizing A?-hexane (dielectric constant equal 1.9) the temperature
reaches only 60°C (Beatty et al. 1992).

Dielectric Materials and Their Ability to Absorb Microwave Energy
The ability of a material to absorb microwave energy is dependent on the number of
ions or polar groups that have the ability to interact with the wave.

Microwaves interact

with materials in the following ways. Materials being bombarded by microwaves can either
reflect the waves, transmit the waves, or the waves can be absorbed into the material. A
portion of the electromagnetic radiation being transmitted into a material at an angle
perpendicular to its surface is reflected away from its surface. This reflective characteristic
is dependent on the dielectric constant of the material 8When subjected to an
electromagnetic field a molecule can become polarized.

The degree to which this

polarization occurs is commonly quantified by the dielectric constant of the material.
Microwave energy propagates internally once it penetrates into the sample. This
propagation is perpendicular to its surface. Lossy materials cause the propagating wave’s
energy to decrease as a large portion of the energy is absorbed into the sample. The loss
factor, e" characterizes the microwave absorptivity of the material in question. Materials
which have a loss factor of zero are non-absorbing and the loss factor can increase to 20-30%
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or more for materials that strongly absorb this radiation. The ability for a material to absorb
microwave energy is based on the following equation:

tand = e"/e'

Tand is called the loss tangent, wilich quantifies the ability of a material to convert applied
electromagnetic energy into heat when a given frequency and temperature are taken into
account (National Research Council 1986). The loss tangent can also be partitioned into two
components as follows:

tand = iv e" + o/w 8 '

where we" is that loss which occurs from the dielectric damping of the molecules under
microwave bombardment and o can be described as the conductivity loss.

The term

coupling is used to describe a materials ability to absorb microwave radiation and to convert
that energy into heat. Materials which are well coupled to microwave bombardment are
those materials in which the most energy is absorbed and w;e get optimal heating of the
materials.
Table 1. shows the values of tand and s' for some materials utilized in construction
of containers or of compounds w hich will undergo microwave irradiation during standard
protocols.

The higher the tand the more microwave absorption that occurs (Pozar 1998).

Materials such as fused quartz, pyrex glass, ceramics and Teflon® have very low tand and
10

their ability to absorb microwave radiation is also low. Whereas a compound like water has
a very high tand value and a correspondingly high ability to absorb microwave radiation and
transform it into heat.

It is interesting to note that water in the frozen state and thus in the

form of a stable crystal lattice has a relatively low tand value in comparison to water in its
liquid state .
Comparison Between Microwave Sources of Thermal
Energy with Conventional Sources of Thermal Energy
A ordinary oven warms an object by heating the air around it. In this process of
heating, more than the object becomes heated. The air, the entire oven apparatus and the
object within the oven are warmed. A microwave unit is different in that the electromagnetic
radiation it employs has the ability to penetrate directly into the sample. The object is heated
directly without the need to heat the entire oven apparatus. (National Research Council
1986, Windgasse 1992)

Microwave heating can be more efficient than other more

conventional methods of heating due to the fact that materials that absorb microwave energy
typically heat up much faster than in conventional heating systems.

Microwaves can

penetrate into the bulk sample and warm it directly as opposed to relying on conduction and
convection methods of heating. Not all substances can absorb microwave radiation. Metals
which conduct electricity can very strongly reflect this form of energy. Electromagnetic
radiation passes right through materials such as paper, glass, and plastic and sand. Most of
these items within an extraction vessel are unaffected by direct exposure to this radiation.
However, compounds which are strongly polar such as water molecules and polar functional
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groups on humic acid and other chemical compounds can strongly absorb this radiation.
During exposure to microwave energy of mixed samples consisting of moist soil or of a
solution, the microwaves penetrate deep within the substance, being strongly absorbed by
any polar molecules that might lie within it.

On microwave impact with these polar

substances they begin to vibrate and are w armed.

12

Table 1: Dielectric constants and loss tangents for a variety of materials utilized in
microwave extraction studies.
Material

Frequency

e'

tand at 25°C

Fused quartz

10 GHz

3.78

0.0001

Ceramic (A-35)

3 GHz

5.60

0.0041

Glass (Pyrex)

3 GHz

4.82

0.0054

Glazed ceramic

10 GHz

7.2

0.008

Lucite

10 GHz

2.56

0.005

Nylon (610)

3 GHz

2.84

0.0012

Polyethylene

10 GHz

2.25

0.0004

Polystyrene

10 GHz

2.54

0.00033

Silicon

10 GHz

11.9

0.004

Styrofoam (103.7)

3 GHz

1.03

0.0001

Teflon®

10 GHz

2.08

0.0004

Titania (D-100)

6 GHz

96±5%

0.001

Water (distilled)

3 GHz

76.7

0.157
0.0009

Water (ice, 0.0°C)
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CHAPTER 3
HISTORY OF MICROWAVE DIGESTION
History of the Microwave Extraction Unit Usage
During instrumental analysis of environmental samples, dissolution of the analyte
must first occur. Even though there have been tremendous advances in the past decades in
the technologies utilized in sample analysis, there have been very few changes in the ways
in which sample dissolution occurs. Open vessels of numerous varieties have been used for
centuries for sample digestion. Although more efficient methods of sample processing
became more prevalent, the issue of time of sample dissolution was still a problem in
utilizing these methods. To reduce the digestion times of sample digestion hours to minutes,
microwave radiation was utilized for the first time in 1975 (Walter et al. 1997).

In

Erlenmeyer flasks, the microwave energy was used to rapidly heat up acids to rapidly digest
biological samples. Once published, reports of these studies led to much more research into
this new sample preparation technique.
Multimode microwave units for laboratory usage were first introduced in 1985
(Walter et al. 1997). Although these first microwave units were constructed from typical
home microwave ovens, the differences were based on features to make these ovens safer.
The main safety feature of these first laboratory microwave ovens was the isolation and
ventilation of the cavity to protect sensitive electronics from attack by any acid or other
chemical fumes. In 1986, the market saw the first dedicated laboratory focused microwave
system in which the sample, within a quartz or Teflon® vessel, sits directly in the microwave
wave guide.
14

During the middle to later portion of the 1980s researchers began looking at ways in
which they could control both the pressure and the temperature of vessel contents through
the usage of a variety of probes.

There were numerous obstacles to overcome in the

development of these probes to monitor both pressure and temperature within the confines
of the microwave unit. One primary problem was that the probe needed to enter into the
microwave cavity without allowing the microwaves to escape from the unit. Another
primary obstacle was the designing of probes so that they would not adversely affect the
microwave field generated within the oven. Once these obstacles were overcome and both
pressure and temperature could be accurately monitored within the confines of a microwave
vessel a new age of microwave usage in laboratories was born. A microwave system that
had pressure control was first used in laboratories in 1989, and 1992 saw the first laboratory
microwave systems that had temperature control. These new systems introduced the age of
controlled microwave digestion and even more importantly the development of standardized
methodologies that could be used for sample preparation. Following these developments,
an explosive growth of research papers was released to the public (Walter et al. 1997)
History of Microwave Vessel Design

Simultaneously, with the new developments in microwave extraction and digestion,
there were also significant advances being made in vessel design. The first generation
developments involved the creation of Teflon® microwave vessels. These newly constructed
Teflon® vessels could withstand low pressures up to seven atmospheres. One limitation of
these early vessels was that much venting of the vessel contents would occur during
overpressure of the vessel, (Walter et al. 1997). Additionally, as these vessels aged, their
15

ability to hold those pressures decreased. Second generation microwave vessels encased the
vessel in a protective jacket. In this jacketed design, a liner and a cap constructed of Teflon®
were encased within a polyetherimide (or other suitable polymer) jacket. These second
generation vessels had an operating limit of approximately 20 atmospheres. The newest third
generation vessels are also constructed of Teflon® and have the capability to work at very
high pressures of up to 110 atmospheres for extended periods of time (Walter et al. 1997)
Reproducibility of Microwave Methods
Any type of sample techniques to be utilized within a laboratory setting must be able
to be reproduced. During the early years of microwave sample preparation, there were great
problems with the reproducibility of methods. Sample preparation mainly involved adjusting
the microwave power levels, which varied greatly with different manufacturers of microwave
equipment.

To achieve reproducibility of procedures, it must be possible to accurately

specify at least one of the following three variables: microwave power output, sample vessel
pressure, or vessel temperature.
To ensure accurate reproducibility in methods, the two most convenient variables to
control have proven to be temperature and pressure within the microwave unit. Even though
power levels differ from one machine to the next, it is possible using temperature and
pressure measurements to reproduce a single microwave exposure protocol on different
machines. In addition, a simple inexpensive method exists for calibrating microwave oven
power levels: measuring the microwave power absorbed by a sample and comparing that to
the percentage power setting within the microwave unit. To measure the power output of a
microwave unit, one can use it to irradiate a substance such as water which strongly absorbs
16

microwave energy and observe the change in temperature. The following formula describes
the strength of the microwave field within a unit (Walter et al. 1997).

P = K • Cp • m • AT/t
P in this equation represents the power in watts that is absorbed. K is the conversion unit to
transform calories second to w atts. Cp is the heat capacity of water or the microwave
absorbing medium being used in the calibration procedure, m represents the mass of the
water or other solvent. AT represents the change in the temperature of the w ater resulting
from this medium being bombarded by microwave energy, and t represents the time of
exposure to microwave energy. Whenever transferring methodologies by calibration it is
very important with few exceptions to utilize identical microwave vessels and reagents
placed within such vessels. In addition, the number of vessels will usually also need to be
the same to obtain reproducible results. With this in mind, being able to control both the
temperature and pressure within microw ave extraction vessels enhances the ability to transfer
extraction methodologies to other ovens and different extraction vessels.
As more modem microwave extraction units afford both pressure and temperature
control, accurately reproducible extractions can be performed. The controlling factors in the
rate of extraction of a sample matrix are primarily temperature and secondarily pressure.
When conducting an extraction reaction in which the reactants under extraction conditions
produce little gas, the reaction conditions can be accurately controlled by controlling the
pressure of the microwave vessel. If one can utilize identical vessels with identical amounts
of solvents and other reactants, then the environmental conditions within each vessel should
be quite similar to one another. If the products formed during extraction have the ability to
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produce large amounts ot gases during the extraction procedure then pressure may not be a
good method of controlling the output of microwave radiation. The total pressure within the
vessel during the extraction procedure is the sum of all those pressures produced from the
reactions between the solvents added to the system and by any decomposition gases being
released from the samples undergoing extraction. If there happen to be different amounts of
reagents within the extraction vessels, then potentially each vessel can have a different
pressure produced within it, which potentially makes this system not reproducible.
With the previous paragraph in mind, it would seem that feedback temperature
control of microwave power levels would be the best monitor as the temperature directly
influences the rate of extraction of the sample matrix. EPA Method 3051 when monitoring
vessel environmental conditions based on temperature is reproducible to ±4°C whereas the
reproducibility was =10 C when this method was reproducible by calibration of microwave
unit pov. er output (Walter et al. 1997).
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CHAPTER 4
LITERATURE REVIEW
Overview of Chlorinated Phenols

Chlorinated pesticides are some of the most common pollutants found in soils and
in groundwater (Brandes and Farley 1993, Irwin et al. 1997).

For the past 50 years,

humanity has released millions of tons of pesticides and other toxic chemicals into the
environment with incomplete understanding of the ultimate fate of these chemicals.
Pentachlorophenol has been used in the USA for decades and in large quantities.
Pentachlorophenol is not naturally found in the environment. It is a man-made, semi¬
volatile. chlorinated, phenolic compound. Even though the general public no longer has
access to this compound and anyone wishing to purchase and use pentachlorophenol must
be certified, it is still of

widespread concern due to its extensive presence in the

environment. Phenolic compounds in general are abundantly used and are of environmental
concern. The U.S. EPA classifies 11 phenolic compounds as priority pollutants (Oubina et
al. 1996, Wall and Stratton 1991). Section 311(b)(2)(A) of the Federal Water Pollution
Control Act lists PCP as a toxic substance. The Clean Water Act amendments of 1977 and
1988 also regulate the discharge of pentachlorophenol into the environment. Due to its
frequent use in both paper mills and in wood protection, pentachlorophenol has become a
common contaminant in the environment. As a wood preservative, pentachlorophenol has
been used for treating utility poles, fence posts, decks, and is found in numerous gluelaminated wood products (Chang et al. 1996. Tikoo et al. 1997). Lumber that has been
treated by pentachlorophenol has been designated by the federal government as non19

hazardous waste even though it is able to produce leachate that has been shown to cause
significant harm to both fauna and flora. Ingestion of concentrations of pentachlorophenol
and its breakdown products of greater than 1 mg-kg'^day'1 has been shown to affect the
central nervous system, immune system, liver and kidney (National Research Council 1986).
Pentachlorophenol has been used as a herbicide for slime and mold control in food
processing plants and in pulp and paper mills. In Asia, pentachlorophenol is used as an
herbicide and as a pesticide in rice paddies (Irwin et al. 1997). It is a known bioaccumulator
in both terrestrial and aquatic species (Khodadoust et al. 1997, Oubina et al. 1996).
Pentachlorophenol has been found at more than 14 percent of hazardous waste sites that have
been designated by the Environmental Protection Agency as National Priority List sites
(Irwin et al. 1997.).
Pentachlorophenol, even though still used as a common oil borne preservative, has
seen its usage curtailed as numerous health issues have arisen. Another factor that has
contributed to the decline in the use of pentachlorophenol is that disposal of treated lumber
is increasingly difficult. Phenolic compounds can also be released and/or formed in the
environment by industrial processes, spills, hazardous waste site leachate, and also through
biogeochemical and pesticide transformation reactions. For instance, when lindane or
hexachlorobenzene breaks down, pentachlorophenol is one of the common degradation
products (Irwin et al. 1997.).

Due to its persistent nature in the environment, PCP

concentration must be able to be monitored in soil and in solution.
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Breakdown Mechanisms of Pentachloroohenol
The Molecular Properties of Pentachlorophenol
Pentachlorophenol is found in two forms in the biosphere: it exists as protonated,
uncharged pentachlorophenol and also as the pentachlorophenolate anion.

The main

difference between the two is that the ionic form is much more readily soluble than
uncharged pentachlorophenol (Irwin et al. 1997.). Pentachlorophenol is characterized by a
central ring structure which contains five chlorine atoms. In most aquatic environments
pentachlorophenol has low solubility (14 mg/1). This low solubility results in part from the
fact that natural waters typically have pH values a little greater than the pKa of
pentachlorophenol; 4.74 (Callahan et al. 1979). Pentachlorophenol has a vapor pressure of
0.00011 torr at 20°C, which also contributes to its low evaporation rate from water. One such
study in an artificial stream has shown a pentachlorophenol volatilization loss of <0.006%
of that which was added (Pignatello et al. 1983). However, evidence exists from research
studies suggesting that a greater amount of pentachlorophenol will volatilize when it is
added to soil in a nonaqueous solvent or as a formulated pesticide (Weiss et al. 1982). One
such study showed between 25 and 51% of added pentachlorophenol was volatilized to the
air (Gile and Gillett 1979).
Pentachlorophenol Degradation
The PCP molecule is degraded through both biotic and abiotic means. However,
under typical environmental conditions, abiotic hydrolysis or oxidization does not seem to
occur (Callahan et al. 1979, Weiss et al. 1982). Most degradation mechanisms involve the
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removal of one of the functional groups located on the molecule or by cleavage of the ring
structure.
Some ot the most important transformations in pentachlorophenol degradation are
the reductive dechlorination reactions. Pentachlorophenol can be degraded either aerobically
or anaerobically in both soil and in solution. Pentachlorophenol has a half-life ranging from
weeks to months depending on the soil properties (Irwin et al. 1997, Rao and Davidson
1982). In soil, the main degradation products of pentachlorophenol degradation are 2,3,4,
5-tetrachlorophenol and C02 (Knowlton and Huckins 1983).
Although there are microbial species and abiotic factors capable of degrading
halogenated compounds like pentachlorophenol, these processes are very slow.

Once the

chlorine atoms have been removed, with the possible replacement of one or more chlorine
atoms with hydroxyl groups, the molecule becomes more amenable to biological
degradation. In the soil environment, factors like rainfall, temperature, and nutrient levels
can influence the degradation of the pentachlorophenol molecule (Vermuellen et al. 1982)
as can the acidity of the soil (Irwin et al. 1997).
Photolysis
At lower pHs, protonated pentachlorophenol can bind to the sediments where it can
be slowly degraded by abiotic factors, or a consortium of microorganisms may slowly
biodegrade this molecule under anaerobic conditions.

When exposed to sunlight,

pentachlorophenol can also photodegrade (Irwin et al. 1997).

One study reported the

photolytic half-life of pentachlorophenol as 0.86 hours (Svenson and Bjomdal 1988). At a
pH of 7.3 and over a period of 10 hours, the extent of photolysis of pentachlorophenolate
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reached 90% in sunlight, while the undissociated form of pentachlorophenol at a pH of 3
achieved 40% photolysis in 90 hours (Weiss et al. 1982).
Transport of Pentachlorophenol Within the Soil
Although pesticide formulations may be applied as liquids or solids, directed onto
foliage or incorporated directly into the ground, a vast majority of the mass of most
pesticides ultimately ends up in the soil or groundwater. Once chlorinated compounds enter
the soil, they can sorb to particles, be incorporated into growing humic acids, or leach into
the groundwater (Irwin et al. 1997) posing a threat to various life forms including people .
The movement of pentachlorophenol from the soil greatly depends on the pH of the soil
(Irwin et al. 1997).
Many chlorinated organic chemicals have been shown to be retained within soil clay
or organic matter particles (Celis et al. 1997), and pentachlorophenol is no exception.
Binding of chlorinated organics or other chemical molecules is not due to any single
molecular feature but rather to many different properties working in concert with one
another. Factors such as structure, polarity, water solubility, and charge distribution of
ionizable species

influence the binding of a compound to soil (Cheng

1990).

Pentachlorophenol has a very high Koc value of between a calculated 1000 and sediment
measured Koc value of 3000-4000 (Irwin et al. 1997). The tendency for pentachlorophenol
to sorb to sediment varies with the degree of oxidation of the sediment. Pentachlorophenol
has a higher ability to sorb to oxidized sediments than to reduced sediments (Irwin et al.
1997). This absorption potential is also very much related to pH value, in that the sorption
is stronger when the soil conditions are acidic (Callahan et al. 1979).
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The pKa of

pentachlorophenol is 4.74 (Lagas 1988) which largely explains the variation in PCP
absorptivity to soil with pH. Numerous studies have shown that pentachlorophenol sorbs to
sediment. In one study 15 percent of pentachlorophenol applied to an artificial freshwater
stream sorbed to the sediment (Pignatello et al. 1983). In microcosm studies, 40-43% of
added radiolabeled pentachlorophenol was located in the sediments (Knowlton and Huckins
1983). The amounts of organic matter and clay also influence the extent of sorption of a
compound to a soil. Table 2. shows that increasing amounts of organic matter result in
higher affinities for binding to a soil. The effect on sorption on pH can also be seen in Table
2. In the two soils with pH > 7, the phenolate anion is the predominant form of PCP. Values
for Koc of 1250 and 1800 for the light and heavy loams, respectively, were calculated for the
dissociated phenolate anion. In contrast, a Koc value of 25,000 exists for the undissociated
pentachlorophenol (Lagas 1988).
Soils high in 2:1, high-surface-area clays typically have a greater tendency to sorb
chlorinated organic molecules than soils rich in 1:1 -type clays such as kaolinite. Soil organic
matter also has a strong effect on the sorption of chemicals and in many cases may be far
more important in determining the extent of binding of chemical compounds to soil than clay
content. Adsorption of both ionic and non-ionic pesticides tends to increase with an increase
in organic matter content of a soil.

24

Table 2: Freundlich adsorption constants for pentachlorophenol in soils of varying pH and
texture (Lagas 1988).

Organic Carbon (%)

pH

Log Kf

1/N

Humic sand

1.7

3.4

2.2

0.9

Humic sand

2.2

4.9

2.2

0.9

Humic-rich sand

3.2

4.7

2.6

1.0

Peat

29.8

4.6

3.3

0.8

Light loam

0.9

7.5

1.1

0.9

Heavy loam

1.7

7.1

1.5

0.8

Soil type
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Reactions in Soil
Evidence exists to suggest that pesticide-derived residues can form stable chemical
linkages with components of humic materials and that such binding greatly increases the
persistence of these residues (Khan 1982). A portion of some chemicals can be absorbed
into the soil matrix (Haider 1988). Many times compounds added to the soil as 14C-labeled
compounds and especially 14C-labeled pesticides were found in classes of aromatic
compounds associated with humic substances. Phenolic, enolic and carboxylic groups tend
to link up randomly (no regularity in the arrangement) within growing humic compounds.
The pesticides copolymerized within a growing humic acid are very often protected from
microbial attack by the resulting complex polymeric matrix (Stevenson 1994).

When

doubly protected in this way, the availability of a chemical to microorganisms in the soil is
much reduced, and the compound only slowly becomes available through the decomposition
of the humic acid polymer by extracellular enzymes secreted by microorganisms. However,
even in sterile soil, chemical concentrations will decrease over time due to abiotic factors.
One possible reason for the decline in chemical concentration may be due to a catalytic effect
of humic acid or related group of molecules which may be magnified by the presence of a
reducing agent.
Many organic substances and humic substances in particular possess a strong
reducing capacity and may exert a catalytic effect on the degradation of many chemical
compounds. (Stevenson 1994). Humic and fulvic acids rich in nucleophilic reaction groups
like COOH, phenolic, enolic, heterocyclic, aliphatic OH, and semiquinones have the ability
to chemically change a variety of molecules. Humic substances are strong reducing agents
26

if they themselves have been reduced by something else and can bring about many
reductions and the associated reactions. Hydroquinone structures found in humic substances
are potential electron donors and can transfer electrons to the strongly electrophylic chlorine
atoms of the pentachlorophenol molecule giving rise to the formation of chloride ions.
Because humic substances can act as electron donors in reactions, they may be able to cause
dechlorination of the pentachlorophenol ring. This can potentially happen even under the
range of temperatures and pressures which occur in the environment.
Heating has been shown in many situations to greatly accelerate chemical reactions.
During the microwave extraction procedure, the microwave energy is being absorbed by the
polar extracting solution. This in turn raises the temperature and pressure of the extraction
vessel and the contents within the vessel. In theory, this heating causes the diffusion of the
target compounds absorbed to the soil into the surrounding solvent. During this heating
process an electron transfer reaction may occur if humic acids and an electron donor source
such as ferrous iron are present in the extraction vessel.
Necessary extraction times and temperatures vary with the compound targeted for
extraction. Temperatures as low as 70 CC and higher than 145 CC have been reported in the
literature. Times vary ing from three minutes to 30 minutes have also been reported in the
literature (Lopez-Avila et al. 1995, Silgoner et al. 1998, Tomaniova et al. 1998). During the
extraction of atrazine from soils it was shown that longer durations of microwave extraction
resulted in much higher extraction efficiencies.

The recovery after three minutes of

extraction time was 248.6 mg/1, whereas, for four minutes of extraction it was 266.2 mg/1.
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Percentage recoveries of atrazine after the three minutes of extraction were 79.6% and at four
minutes it was 91.5% (Xiong et al. 1998).
The half-lives of numerous organic chemicals can be profoundly affected by the soil.
Factors such as metal presence in the soil, organic chemical adsorption, and the pH at the
surfaces of soil particles all affect the breakdown of organic chemicals in the soil. Values of
pH far lower than those which are found in the bulk aqueous phase of soil can be found on
particle surfaces in some acidic soils. Active sites on some dried soils have been measured
for acidity and have been found to have the strength of 90% sulfuric acid. There are some
possible explanations for this. Clay and humus particles within soil tend to possess negative
charges that can attract H~. .Another explanation that has been offered is that water tends to
hydrate the exposed crystal edges containing exposed aluminum ions and exchangeable
cations. When there are insufficient water molecules to hydrate these crystal edges, the water
molecules can become highly polarized. In this situation and in the presence of proton
acceptors, the residual water molecules more readily dissociate w hich causes the crystal edge
sites to become active acidic sites (Dragun 1998).
The rate of hydrolysis of organic chemicals varies with the acidity of a soil system.
Surface-catalvzed reactions of organic chemicals can cause the transformation of a chemical
into ions in which the carbon atom possesses a positive charge. This charged ion has a
greater susceptibility for hydrolysis to occur when compared to an uncharged organic
molecule.

For many decades aluminosilicate's have been used in such industries as

petroleum refining in the petrochemical industry to catalytically transform organic chemicals.
Many of these minerals have been used in high-temperature, high-pressure reactions to both
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oxidize and reduce organic chemicals. Many of the same aluminosilicate minerals are also
found in the soil. In the soil these minerals catalyze the reactions of organic chemicals at
ambient temperatures and pressures (Dragun 1998).
Other components of the soil can also cause transformation of organic chemicals.
The amount of moisture can also influence the rate of hydrolysis of organic chemicals. In
soils of low water content, the hydrolysis rates of organic chemicals can be greatly enhanced
due to a greater number of organic molecules near the lower pH at the soil surface. In
reduced environments of below 360 millivolts containing ferrous iron, 84% of carbon
tetrachloride was reductively dechlorinated in aqueous solution, and ferrous iron served as
the active reducing agent (Dragun 1998).

29

CHAPTER 5
MATERIALS AND METHODS
Chemical Compounds
Pesticide

grade

pentachlorophenol

(PCP),

2,4,6-trichlorophenol,

2,4,5-

trichlorophenol, 2,3,4-trichlorophenol, 2,3,6-trichlorophenol, 2,3-dichlorophenol, 2,4dichlorophenol,

2,5-dichlorophenol,

2,6-dichlorophenol,

3,4-dichlorophenol,

3,5-

dichlorophenol, 2-chlorophenol, 3-chlorophenol, 4-chlorophenol, 2,4,5-trichlorophenol, and
1 ^-/nmy-dichloroethylene were obtained from Sigma Chemical Co., St. Louis. Humic acid
was extracted from Hyponex® sphagnum peat moss (Hyponex Corp. Marysville, OH) at the
Department of Plant and Soil Sciences at the University of Massachusetts at Amherst using
the method of Swift (1996).
Microwave Source
The source of microwave radiation is provided by a 1,000-watt CEM Microwave
Extraction System (CEM Corp., Mathews, NC) operating at 2,450 MHZ containing a 12position carrousel capable of holding 12 extraction vessels simultaneously. By utilizing an
on-board pressure and fiber optic temperature probe which directly monitors conditions in
the reaction vessels, the magnetron power output control is regulated. This regulated control
of power output allows this microwave unit to maintain high and constant temperature and
pressure within each of the vessels during the course of the experiments. This microwave
extraction system can be programed in five stages for a variety of different pressures and
temperatures.

One of the vessels is monitored for either pressure, temperature or both

depending on which of the set points for these two variables was reached first.
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Gas Chromatograph
Samples were analyzed by a Shimadzu model GC-17A gas chromatograph outfitted
with an electron capture detector (ECD) and autosampler. The column utilized on this
chromatograph was an RTX-5 column of 30 meters length, 0.25 mm ID and a 0.25 pm
Restek cross-bonded phase (Restek Corporation, Bellefonte, PA.). The temperature program
utilized was for 60°C ramping at 4°C/min to 250°C. Injector and detector temperature was
300°C with a split flow ratio of 20:1.
GC/MS work was performed by Spectrum Analytical (Agawam, MA) following EPA
method 8270 (Semivolatile Organic Compounds by Gas Chromatography) and using a
Perkin-Elmer model 8500 gas chromatograph, Hewlett Packard Model 5890 Series II, a
Hewlett Packard 5971A Mass Selective Detector and a Dynatech Model GC 311H Automatic
Sample Injector. The column used was a 30-m HP crosslinked methyl siloxane column with
a inner diameter of 0.25 mm and a film thickness of 0.25 pm. The injector temperature was
250°C and the detector temperature was 280°C. The initial column temperature was 55 °C
with an initial ramp of 10°C/min to a final temperature of 310°C.
Checking the Stock Solution for Volatilization Losses
To determine the extent of volatilization from the stock solution container, samples
from an open stock solution bottle were taken every minute starting directly after the
preparation of the stock solution and analyzed on the gas chromatograph with ECD.
Additional samples were taken every minute for 20 min and analyzed by GC.

A 20-min

duration was chosen because this is the maximum amount of time required to fill and seal
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all 12 of the Teflon-lined pressure vessels. Volatilization of pentachlorophenol from the
stock solution was negligible.
Leak Checking the Pressure Vessels
The concentration of PCP in the aqueous stock solution was measured as is stated
below in the analytical section. Each of the Teflon microwave pressure vessels was filled
with 25 ml of the stock solution. During this leak test, no humic acid or other amendments
were added to the reaction vessels. During this leak test, six of these tightly closed chambers
were placed outside of the microwave and were exposed to ordinary room temperature and
pressure to determine if there was any loss of compound from the vessels under these
conditions. The remaining six vessels were exposed to microwave radiation to determine if
any leakage occurred at elevated temperatures and pressures such as those that occur during
microwave extraction. The amount of target compound remaining in the pressure vessels
was compared to the concentration of target compound in the initial stock solution.
Microwave-assisted Extraction Procedure
A set of 12, sealed. Teflon-lined microwave extraction vessels was used for the
experiments.

After each vessel was filled with the various reagents and reactants, the

Teflon-lined extraction vessel was closed. After each such extraction experiment, a new
rupture membrane was used. Twenty-five ml of aqueous solution consisting of 40 pg/ml of
pentachlorophenol plus humic acids and any other additives initially was exposed in the
microwave to a preprogrammed microwave bombardment for approximately 30 minutes
(maximum time frame of four hours) at solution temperatures of 121 °C, 145 °C, and 170 °C
(maximum temperature of 190°C) and a maximum pressure of 170 psi. All containers in
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contact with the stock solution were made of glass or Teflon® or a combination of both.
Each experiment was conducted in triplicate to ensure accurate analytical results. Concurrent
control experiments were performed in the absence of microwave energy at standard
temperature and pressure (STP) conditions. These amendments for the STP control vessels
were identical to those being subjected to microwave energy. In this manner we could
determine whether humic acid alone, or the combination of humic acid and microwave
energy was needed for the transformation of the target compound.
Pentachlorophenol with Humic Acid
The reaction vessels were filled with approximately 25-ml of a solution containing
0.4 mg/ml of humic acid as a mixture of dissolved and suspended, particulate material with
the pH adjusted to 7.0. The pentachlorophenol was added in a small volume of ethyl acetate
and the samples were then subjected to preprogrammed microwave bombardment for 30 min
to four hours at a solution temperature of 145°C (maximum temperature of 190°C) and a
maximum pressure of 170 psi.

Samples were also utilized containing solely the target

compound without the added humic acid. Each of these experiments was conducted utilizing
PCP concentrations of 10, 20 and 40 pg/ml. For the majority of experiments, 40 pg/ml
pentachlorophenol was used as the GC/MS analytical technique had difficulty in quantifying
lower concentrations.

Each experiment was conducted in triplicate to ensure accurate

analytical results.
Reductive Dechlorination Utilizing Fe2+
Dechlorination of PCP in the presence of humic acid was compared to dechlorination
with humic acid plus reducing compound for the transformation of the target compound. F or
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reductive dechlorination, an electron source is needed to donate electrons so that hydrogen
can replace a chlorine atom on the target compound.

In this experiment Fe2+ added as

FeS04-7H20 at a concentration of 400 pg/ml (more than ten times greater by weight than
the concentration of pentachlorophenol) was used as an electron source as it is readily
available in anaerobic soils and is widely prevalent in groundwater.
Autoclave Versus Microwave Comparison
Dechlorination of PCP in the presence of microwaves at 121 °C was compared with
samples exposed to the same conditions of temperature and pressure in the autoclave. In this
manner we could determine whether elevated temperature and pressure sufficed to cause the
reductive dechlorination of PCP, or whether the addition of microwave energy was much
more effective in accelerating the redeductive dechlorination of PCP.
Microwave-assisted Extraction Procedure at Elevated Times and Temperatures
A set of 12, sealed, Teflon-lined microwave extraction vessels was used for these
experiments.

After each vessel was filled with the various reagents and reactants, the

Teflon-lined extraction vessel was closed. After each extraction experiment, as in earlier
experiments, a new rupture membrane was used. Twenty-five ml of solution consisting of
pentachlorophenol plus humic acids and any other additives initially were exposed in the
microwave to a preprogrammed microwave bombardment for approximately 4 hours at
solution temperatures of 160°C, 170°C and 180°C. One such experimental run utilized a
reaction time of 1 hour at a temperature of 190°C and a maximum pressure of 170 psi. No
attempts were made to further increase the temperature and time of reaction due to the
potential and probable risk of vessel failure. All containers in contact with the stock solution
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were made of glass or Teflon® or a combination of both.

As in earlier studies, each

experiment was conducted in triplicate.
Analytical
At the termination of the above experiments, the Teflon-lined vessels were
refrigerated at 4°C to minimize volatilization of the target compounds.

During early

experiments (Table 3), the 25-ml of vessel contents were carefully poured into a 40-ml
environmental sample vial. Each of the vessels was rinsed with a 15-ml portion of ethyl
acetate which was carefully poured into the 40-ml sample vial containing the 25-ml aqueous
contents of that vessel. After shaking three minutes and waiting for separation of the water
and ethyl acetate phases, the 15-ml portion of ethyl acetate was removed by pipette and
transferred into a fresh 40-ml environmental sampling tube.

A second rinsing of the

microwave extraction vessel was performed using ten ml of ethyl acetate. Following the
second rinse, the vessel contents were poured into the 40-ml sample vial containing the 25ml aqueous contents. After shaking again for three minutes this second 10-ml rinse portion
was removed via pipette and placed in the 40-ml environmental sample vial containing the
first rinse.
The results from Table 5 and 6 were based on the following extraction procedure.
A 25-ml portion of ethyl acetate was carefully poured into the microwave extraction vessel.
After shaking for three minutes, a 2-ml sample of the ethyl acetate top layer was withdrawn
and placed within a Teflon®-capped GC vial. For all later experiments, immediately after
opening each vessel, the 25-ml contents of each vessel were carefully poured into a 40-ml
environmental sample vial. Each vessel was rinsed with a 10-ml portion of ethyl acetate
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w hich was poured into the 40-ml sample vial containing the 25-ml aqueous contents of that
vessel. After shaking three minutes and waiting for separation of the water and ethyl acetate
phases, the 1O-ml portion of ethyl acetate was removed by pipette and transferred into a fresh
40-ml environmental sampling tube containing 10 grams of sodium sulfate to remove
moisture ftom the ethyl acetate solvent. This procedure of rinsing the vessel, pouring the
contents into a 40-ml sampling vial and drawing off the top layer of ethyl acetate was
performed three times for a total rinse and extraction of 25-ml (two 10 ml portions and a
final 5-ml portion). A final 5-ml portion of ethyl acetate was added directly to the first 40-ml
sampling vial, shaken and drawn off the top and placed in a fresh 40-ml sampling vial for
GC ECD analysis to ensure that all of the PCP had already been removed from the aqueous
sample and was now contained in the ethyl acetate extract. An approximately 2-ml portion
of the ethyl acetate extraction solution was placed into a 2-ml, Teflon-capped GC vial. A 1 pi subsample from these 2-ml GC vials was analyzed on a Shimadzu GC-17A gas
chromatograph outfitted with ECD.
During each run. standard solutions of known concentration of known reductive
dechlorination products were analyzed concurrently with the experimental samples. A
standard calibration curve was created for each chlorophenol which allowed the calculation
of concentrations from peak areas. Peaks from the experimental samples were compared
with those peaks obtained from the standard solutions.

A portion of the ethyl

acetate

extraction solution was also analyzed by GC/MS to determine the identities of any
breakdown products produced and their concentrations.
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CHAPTER 6
RESULTS
Preliminary Research
In the beginning stages of this research, a series of experiments were performed
utilizing

pentachlorophenol

as

the

target

compound.

In

these

experiments,

pentachlorophenol was subjected to microwave bombardment in the presence of a variety of
potential catalysts and reductants including ferrous iron, humic acid and zero-valent (Fe°)
iron to determine whether microwave irradiation under any of these conditions could
accelerate reductive dechlorination.
During experiments utilizing PCP as the target compound and in the presence of
humic acid and other additives, gas chromatograph traces exhibited a change in the number
and size of the peaks. During these experiments, pesticide grade PCP was used and always
showed up quantifiably as a single peak during control studies without added catalysts or
reductants (Figure 1). In experiments utilizing Fe° as a reductant for the dechlorination of
PCP, there was a decrease in the peak area of the parent compound and an apparently
concomitant appearance of a number of lower retention time peaks possibly representing
lower molecular weight breakdown products (Figure 2). Numerous studies in the literature
have also shown the reductive dechlorination of chlorinated compounds in the presence of
zero-valent iron (Yak et al. 1999, Matheson and Tratnyek 1994, Eykholt and Davenport
1998). Orth and Gillham (1996) showed 3.0-3.5% of TCE in contact with granular iron
metal as lower molecular weight chlorinated degradation products including dichloroethene
isomers and vinyl chloride. The addition of humic acid and zero valent iron also led to an
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increase in the number of lower molecular weight breakdown products (Figure 3). It was
expected that the addition ot humic acid to zero-valent iron would result in an increase in the
reductive dechlorination of the PCP molecule due to the humic acid acting as an electron
shuttle by capturing electrons and then transferring them to the more oxidized PCP molecule.
However, the magnitude of peaks w as not so great as in those results utilizing solely zerovalent iron. This may reflect the possibility that humic acids captured electrons given off by
the zero valent iron but that shuttling of those electrons to the PCP molecule did not occur.
Addition of humic acid as a potential catalyst also led to an increase in the number of peaks
emerging from the column in advance of the PCP molecule (Figure 4).
After microwave irradiation, some of the samples have shown an increase in the
number of peaks in the GC chromatograms. .Almost all of these extra peaks emerged from
the column before the PCP molecule. It w as thought that these extra peaks resulted from the
reductive dechlorination of the PCP molecule.

The results from these initial studies

motivated further studies to determine the potential for reductive dechlorination to occur
during microwave extraction techniques.
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Figure 1: Qualitative extents of transformation of 10 pg/ml PCP in aqueous samples
subjected to a microwave irradiation for 4 hours at 170 C without the addition of
catalysts.
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Figure 2: Qualitative extents of transformation of 10 |ig/ml PCP in aqueous samples
subjected to a microwave irradiation for four hours at 170°C in the presence of 0.4
g/1 humic acid and 0.1 g of Fe°.
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Figure 3: Qualitative extents of transformation of 10 pg/ml PCP in aqueous samples
subjected to a microwave irradiation for four hours at 170°C in the presence of Fe°.
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Figure 4: Qualitative extents of transformation of 10 pg/ml PCP in aqueous
samples subjected to a microwave irradiation for four hours at 170 C in the presence
of 0.4 g/1 humic acid.
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Experiments in Solution
In the following experimental designs, water w as utilized as the solvent. Humic acid
w as utilized as an electron shuttle to catalyze the reductive dechlorination of PCP.

The

reaction vessels were rilled with approximately 25 ml of a solution containing 0.4 mg/ml of
humic acid as a mixture of dissolved and suspended, paniculate material with the pH
ai; listed to TO. The concentration of FeSCf 7H:0. which was employed to supply reducing
power, wus approximately 10 times greater by w eight than that of PCP so there would be no
limitation of reducing agent. A variety of temperatures and exposure times were utilized to
evaluate the effects of time and temperature in combination with the addition of humic acid
and or ferrous iron on the rate of dechlorination of PCP. Comparisons were made between
healing with microwave irradiation and heating by more traditional heating methods such as
autoclaving to determine if temperature alone rather than microwave bombardment was the
deciding factor in causing PCP degradation.

Typically, the majority of microwave-enhanced extractions of organic compounds
performed in laboratories are done at temperatures of 145 C or less, and the maximum
duration for those extractions is less than 30 minutes. The following experiments were
performed at those temperatures and times typically followed by analytical laboratories.
Control studies without microwaving and experiments utilizing elevated temperatures and
longer reaction times were also carried out to further corroborate results
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Room Temperature Incubation (No Microwave Irradiation^
At room temperature (no microwave irradiation), over a reaction time of 4 days, and
utilizing humic acid and ferrous iron as potential electron shuttles to catalyze the reductive
dechlorination of PCP, there was no observed production of lower molecular-weight
breakdown products of PCP detected by either GC/ECD or GC/MS analytical procedures
(Table 3) either in samples containing additions of humic acid and ferrous iron, or in the
control samples containing solely PCP and water. A partial list of compounds detected by
EPA Method 8270 utilizing GC/MS Semivolatile Organics-Scan8 (Phenols) is shown in
Table 4.
Microwave Versus Conventional Heating of Samples
A comparison was made between heating samples with microwave irradiation and
heating with conventional heating (autoclave). Humic acid and ferrous iron were again
utilized to promote reductive dechlorination of PCP. In this experiment there was no
observed production of lower molecular-weight breakdown products from PCP detected by
either GC/ECD or GC/MS analytical procedures (Table 5 and Table 6) either in samples
containing additions of humic acid and ferrous iron, or in the control samples containing
solely PCP and water.

The low amount of PCP recovered during these early experiments

may reflect the inefficiency of the one-step procedure used to extract the PCP from aqueous
solution. During these early experiments (results from Table’s 3,5 and 6), the recoveries of
PCP were lower than in later experiments due to the experimental extraction procedure
employed. It is very plausible that the missing PCP was left behind in the aqueous solution.
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Table 3: Incubation of 10 fig/ml PCP in water at room temperature for four days in the
presence of different potential catalysts and reductants. Means ± standard deviations of
triplicate samples are shown for each treatment.
GC/ECD

PCP

breakdown recovered
products

(hg/ml)

PCP

NDa

3.6 ±0.7

PCP ± humic acid

ND

3.2 ±0.6

PCP + humic acid ± ferrous iron

ND

6.1 ± 1.1

PCP + ferrous iron

ND

4.6 ±0.5

Reaction mixture

aNone detected
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Table 4: Partial list of compounds detected by EPA method 8270 for GC/MS semivolatile
organics-scan8 (phenols).
Compounds tested for using GC/MS

Method Detection Limit (MDL) ug/1

4-Chloro-3-methylphenol

1000

2-Chlorophenol

500

2,4-Dichlorophenol

500

2,6-Dichlorophenol

500

2,4-Dimethylphenol

500

4,6-Dinitro-2-methylphenoI

2500

2,4-Dinitrophenol

2500

2-Methylphenol (o-cresol)

500

4-Methylphenol (p-cresol)

500

2-Nitrophenol

500

4-Nitrophenol

2500

Pentachlorophenol

500

Phenol

500

2,4,5-Trichlorophenol

500

o
o

2,4,6-Trichlorophenol
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Table 5: Incubation of 10 jig ml PCP in water at 121 = C under microwave irradiation for
four hours in the presence of different potential catalysts and reductants. Means ± standard
deviations of triplicate samples are shown for each treatment.
/

GC/ECD

PCP

breakdown recovered
Reaction mixture

products

(jig/ml)

PCP

ND3

0.9 ±0.1

PCP - humic acid

ND

1.2 ±0.05

PCP - humic acid - ferrous iron

ND

1.3 ± 0.2

PCP - ferrous iron

ND

1.4 ±0.3

a\one detected
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Table 6: Incubation of 10 pg/ml PCP in water at 121 °C in the presence of different potential
catalysts and reductants. Sample heating was done by autoclaving. Means ± standard
deviations of triplicate samples are shown for each treatment.
GC/ECD

PCP

breakdown recovered
products

(pg/ml)

PCP

NDa

2.3 ±0.3

PCP + humic acid

ND

1.5 ±0.2

PCP + humic acid + ferrous iron

ND

1.7 ±.05

PCP + ferrous iron

ND

1.3 ±.05

Reaction mixture

aNone detected
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Conditions Tvpicalh Found in Microwave Extraction Techniques
Experiments using temperatures and times typically utilized in laboratories
conducting microwave-enhanced extractions were performed. Temperatures of 12 TC and
145"C were held for a period of 30 minutes. During these experiments there were no lower
molecular weight breakdown products from PCP detected by either GC/ECD or GC/MS
analytical techniques (Table 7 and Table 8). The increased recovery7 efficiencies shown in
Table 7 and all subsequent tables most likely result from the use of the three-step extraction
procedure.
Because temperatures of 121C and 145 C held for a period of 30 minutes showed no
signs of enhancing the degradation of the PCP molecule, it was decided that more extreme
conditions would be attempted. At an elevated temperature of 170 C and a reaction duration
of 30 minutes (Table 9). neither the heat of the reaction nor the addition of any potential
catalysts such as humic acid or ferrous iron resulted in the production of lower molecular
weight breakdown products detectable by GC/ECD or GC/MS analytical procedures.
More Extreme Extraction Conditions
Because temperatures of up to 170 C and an exposure period of 30 minutes appeared
insufficient to achieve degradation of the PCP molecule, it was decided that elevations in
temperature and prolongation of the reaction times under these more extreme conditions
might permit detectable dechlorination of the PCP molecule.

The highest temperature

attained was 190 C held for a period of one hour (Table 10). At this temperature, numerous
vessel failures made it unsafe to attempt longer duration high temperature exposures. A
series of experiments was conducted at temperatures of 160 and 170 C (Tables 11-12).
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However, even at elevated temperatures of up to 170 C and reaction times of up to 4 hours,
neither the heat of the reaction nor the addition of any potential reductant such as humic acid
or ferrous iron resulted in the production of lower molecular weight breakdown products
detected by either GC/ECD or GC/MS analytical procedures.
Ethyl Acetate as Solvent
In the following experimental design, ethyl acetate was utilized as the extraction
solvent (Table 13). Humic acid was utilized to shuttle electrons from dissolved Fe2+to
catalyze the reductive dechlorination of PCP.

The reaction vessels were filled with

approximately 25 ml of ethyl acetate to which 0.4 mg/ml of humic acid were added to each
reaction vessel in particulate form. The experimental reaction time was 30 minutes at a
temperature of 145=C. Neither the heat of the reaction nor the addition of humic acid or
ferrous iron resulted in the production of low7er molecular weight breakdown products
detectable by GC/ECD or GC/MS (Table 13).
Soils Experiment
Five grams of soil was added to each of three triplicate extraction vessels containing
30 ml of wrater. Pentachlorophenol was added at a concentration of 40 mg/kg. Soils used in
this experiment were a loamy sand, two different Paxton sandy loams, and a Hadley silt loam.
Sandy loam number two w as darker in color which is indicative of a higher organic matter
content than sandy loam soil number one. Each of these soils experiments w^as conducted in
triplicate. After incubation for four hours at a temperature of 160 C there was no evidence
of lower molecular weight breakdown products utilizing either GC/ECD or GC/MS analytical
procedures (Table 14).
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Table 7: Incubation of 40 pg/ml PCP in water at 121 °C for 30 minutes in the presence of
different potential catalysts and reductants. Means ± standard deviations of triplicate samples
are shown for each treatment.
GC/MS

breakdown

GC/ECD

PCP

breakdown recovered

products

products

(MP/ml)

PCP

NDa

ND

29.0 ±2.5

PCP + humic acid

ND

ND

36.0b

PCP + humic acid + ferrous iron

ND

ND

32.0 ± 3.7

PCP + ferrous iron

ND

ND

29.0 ± 4.2

Reaction mixture

a None detected
b Mean of two samples
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Table 8: Incubation of 40 pg/ml PCP in water at 145°C for 30 minutes in the presence of
different potential catalysts and reductants. Means ± standard deviations of triplicate samples
are shown for each treatment.
GC/MS

GC/ECD

PCP

breakdown

breakdown

recovered

products

products

(Hg/ml)

PCP

NDa

ND

32.5b

PCP + humic acid

ND

ND

25.5b

PCP + humic acid + ferrous iron

ND

ND

26.3 ±4.6

PCP +ferrous iron

ND

ND

28.3 ±3.5

Reaction mixture

a None detected
b Mean of two samples
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Table 9: Incubation of 40 fig/ml PCP in water at 170°C for 30 minutes in the presence of
different potential catalysts and reductants. Means ± standard deviations of triplicate samples
are shown for each treatment.
GC/MS

breakdown

GC/ECD

PCP

breakdown recovered

products

products

(pg/ml)

PCP

NDa

ND

28.0 ±3.0

PCP + humic acid

ND

ND

32.0b

PCP + humic acid ± ferrous iron

ND

ND

36.7 ±2.0

PCP ± ferrous iron

ND

ND

22.3 ±3.8

Reaction mixture

a None detected
b Mean of two samples
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Table 10: Incubation of 20 |ig/ml PCP in water at 190°C for 1 hour in the presence of
different potential catalysts and reductants. Means ± standard deviations of triplicate samples
are shown for each treatment.
GC/MS

breakdown

GC/ECD

PCP

breakdown recovered

products

products

(Hg/ml)

PCP

NDa

ND

16.7 ±3.0

PCP + humic acid

ND

ND

17.0b

PCP + humic acid + ferrous iron

ND

ND

18.0b

PCP + ferrous iron

ND

ND

17.3 ±2.5

Reaction mixture

a None detected
b Mean of two samples
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Table 11: Incubation of 40 pg/ml PCP in water at 160°C for 4 hours in the presence of
different potential catalysts and reductants. Means ± standard deviations of triplicate samples
are shown for each treatment.
GC/MS

breakdown

GC/ECD

PCP

breakdown recovered

products

products

(fig/ml)

PCP

NDa

ND

32.5b

PCP + humic acid

ND

ND

25.5b

PCP + humic acid + ferrous iron

ND

ND

26.3 ±2.6

PCP + ferrous iron

ND

ND

28.3 ±2.0

Reaction mixture

a None detected
b Mean of two samples
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Table 12: Incubation of 20 pg ml PCP in water at 170°C for 4 hours in the presence of
different potential catalysts and reductants. Means ± standard deviations of triplicate samples
are shown for each treatment.
GC/MS

breakdown

GC/ECD

PCP

breakdown recovered

products

products

(us/ml)

PCP

NDa

ND

12.7 ±0.6

PCP + humic acid

ND

ND

14.0 ±2.5

PCP + humic acid + ferrous iron

ND

ND

12.0b

PCP + ferrous iron

ND

ND

8.6 ±3.7

Reaction mixture

a None detected
b Mean of two samples
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Table 13: Microwave irradiation of 40 pg/ml PCP in ethyl acetate at 145°C for 30 minutes
in the presence of different potential catalysts and reductants. Means ± standard deviations
of triplicate samples are shown for each treatment.
GC/MS

breakdown

GC/ECD

PCP

breakdown recovered

products

products

(pg/ml)

PCP

NDa

ND

41.0 ± 5.3

PCP - humic acid

ND

ND

54.0 ±5.0

PCP - humic acid - ferrous iron

ND

ND

56.0 ± 2.0

PCP - ferrous iron

ND

ND

51.6 ± 3.2

Reaction mixture

* None detected
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i able : - !-5kjow. e irradiation of 20 ag ml PCP added to four different soils in water at
- S. C :c»r — boms. \leans =
deviations of triplicate samples are shown for each

rearrjem.
GC/MS

breakdown

GCECD

PCP

breakdown recovered

products

products

(u& ml)

Loam*,* sand

ND*

ND

18.0b

Sandy
> loam = 1

ND

ND

15.3 =2.3

Sand*,✓ loam ~2

ND

ND

14.5b

Silty cla*.

ND

ND

13.0=1.0

Sc2 :ertura: classmcaiion

4 None detected
* Mean of tw o samples
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Potential for Reductive Dechlorination of 2A.4-trichloroDhenol
r'»ery experimental approach utilizing pentachlorophenol as the target compound led
do pcxxractxm o: lower molecular weight break down products. This may somehow be
anribtned to some unknown inherent stability of the PCP molecule. Consequently, an attempt
made to utilize a more reduced, and hopefully, less stable trichlorophenol to see if
reaction urnes ana temperatures similar to those used with PCP would suffice to effect
reductive dechlorination of trichlorophenol.

From this experiment it was learned that

conditions of 160C ana reaction times of four hours w ere incapable of producing conditions
leading to the breakdown of the trichlorophenol molecule < Table 15).

Aldrich Humic Acid
Trie following experimental design was similar to all other previous experimental
attempts with the only difference being that Aldrich1 brand-name humic acid was used. Even
while amrizmg Aldrich* humic add and ferrous iron as potential electron shuttles to
caiahiicall) reductively dechlornate PCP. there was no observed production of lower
molecular-w eight breakdown products of PCP detected by either GC ECD or GC MS
ana yrical procea ares (Table 161 either in samples containing additions of humic acid and
ferrous iron, or in the control samples containing solely PCP and water.
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Table 15: Incubation of 20 pg/ml 2.3,4-trichlorophenol in water at 160°C for 4 hours. Means
± standard deviations of triplicate samples are shown for each treatment.
GC/ECD

PCP

breakdown

recovered

products

(pg/ml)

2,3,4-TCP

NDa

17.0 ± 2.1

2,3«4-TCP + humic acid

ND

16.5 ±4.0

2,3,4-TCP + humic acid + ferrous iron

ND

14.0 ±4.0

2.3.4-TCP ± ferrous iron

ND

15.5 ±0.9

Reaction mixture

a None detected
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Table 16: Microwave irradiation of 20 jig ml PCP at 160‘C for 4 hours and using Aldrich
humic acid. Means ± standard deviations of triplicate samples are shown for each treatment.
GC MS

breakdown

Reaction mixture

GCTCD

PCP

breakdown recovered

products

products

(ue ml)

PCP

ND*

ND

18.0 ± 1.0

PCP - humic acid

ND

ND

21.5 ± 1.5

PCP - humic acid - ferrous iron

ND

ND

20.0 ± 2.0

PCP - ferrous iron

ND

ND

a None detected
r Mean of tw o samples
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Statistical Analysis
We expected differences in average recovery efficiency between microwave extraction
runs executed at differing temperatures and durations. These were of no a priori interest.
Accordingly, only the deviations from each day’s average recovery efficiency were subjected
to further statistical analysis. An analysis of variance was conducted to test for statistical
differences between sampling recoveries among the various treatments (Table 17). This
analysis was applied only to the results of microwave irradiation experiments which were
extracted with the three-step procedure (Tables 7 to 16). There was no significant difference
even at the P < 0.10 level between sampling recoveries among the various treatments.
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Table 17: Analysis ot variance lor systematic differences in recovery efficiency between
treatments: with humic acid, with iron, with neither humic acid nor iron, and with both humic
acid and iron.
Source of

Sum of squares

variation

Degrees of

Mean sum of

freedom

squares

Total

0.169463

23

0.007368

Treatments

0.035569

3

0.011856

Err

0.133894

20

0.006695

^Significant only at P < 0.185.
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F-ratio

1.7709943

CHAPTER 7
DISCUSSION

In the present study, a combination of experiments was performed to determine
whether reductive dechlorination occurs under those conditions of temperature and pressure
typically employed during microwave extractions. From the results of this study, it would
seem that under the conditions employed in this study and during routine microwave
extractions that pentachlorophenol will not undergo reductive dechlorination. Experiments
using more extreme temperature and reaction times were also conducted. Results from these
studies further confirmed the resistance to degradation of the pentachlorophenol molecule.
This is, however, a difficult claim to assert with comfort. Initial results appeared to
indicate the presence of lower-molecular-weight breakdown products, and yet GC/MS results
detected the presence of no such lower-molecular-weight products. However, the peak areas
of those initial peaks corresponded to concentrations below the detection limits of GC/MS.
It is understandable why those peaks could not be seen: GC/MS was not sensitive enough to
detect pentachlorophenol breakdown products at the levels that correspond to the observed
GC/ECD peak areas.
Another possible explanation for the presence of these lower-molecular-weight peaks
seen in preliminary experiments can possibly be related to pH. Any solutions added to the
reaction mixtures during all subsequent experiments had the pH adjusted to a value of 7.
However, the pH of the humic acid solutions and/or water used in the preliminary experiments
may not have been similarly adjusted. The lower pH levels that might have existed in these
solutions due to the addition of unbuffered humic acid or water may have favored the loss ol
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chlorine from the pentachlorophenol molecule. For at least reductive dechlorination to occur,
electrons must somehow be added to the PCP. This addition of electrons would be expected
to be electrostatically more difficult if the molecule is present as the pentachlorophenolate
anion than if it is protonated. However, even though the pH of the water was adjusted to 7
prior to the addition of the pentachlorophenol in all but the preliminary experiments, once the
PCP was added to the solution the pH of the solution would have dropped to a pH reasonably
close to that of the pKa of PCP. The addition of ferrous sulfate to the reaction vessels also
would have dropped the pH of the vessel contents to nearly the pKa of the PCP molecule.
Ideally, under these conditions of adding weak acids to the vessels it would be expected that
at least six of the microwave extraction vessels would have had both pentachlorophenol and
the pentachlorophenolate anion in abundance due to the resultant pH of the solution.
However, it is doubtful that the addition of such a small amount of PCP or ferrous sulfate
added to each vessel would have resulted in a similar drop of pH from 7 to a pH close to the
pKa of PCP in the presence of humic acid as a buffer. Results for this have not been tested.
Ferrous iron was added in sufficient quantities to lead to the total dechlorination
(stoichiometrically) of the pentachlorophenol molecule. Even though the oxygen content in
the headspace was sufficient to react with most of the ferrous iron present in the sample, there
was qualitative evidence that sufficient iron was present in the microwave extraction vessels
to allow dechlorination of the PCP molecule.

For the vast majority of the microwave

extraction vessels (excluding a token few at high temperatures and long reaction times) there
was a lack of rust coloration within the vessels indicative of oxygen reacting with the ferrous
iron. The lack of rust coloration in the majority of the experimental microwave extraction
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vessels is indicative of there being sufficient ferrous iron present so that dechlorination could
take place.
As early experimental results led to poor recovery of PCP, much effort was devoted
to improving the efficiency of recovery of the PCP molecule. Ethyl acetate can dissolve up
to 10% in aqueous solution. Early experiments using one extraction or two simply led to poor
recovery of PCP. An increase in the number of additions of ethyl acetate to the aqueous
solution, resulted in substantial increases in PCP recovery. Although a 25% loss is acceptable
in numerous analytical laboratories, it was not apparent where the missing PCP was going.
Numerous quests to determine the fate of the missing PCP were conducted. Subsequent
rinses of the microwave extraction vessel yielded no missing PCP; it was not being sorbed to
the needles, pipettes, or glassware. Pentachlorophenol at low pH sorbs much more strongly
than at higher pH’s. It is possible that raising the pH of ethyl acetate during the extraction
procedure may have led to the preferential formation of the pentachlorophenolate ion which
sorbs much less strongly.
Based on the analytical equipment used (GC/ECD, GC/MS), it may have been possible
that we were looking for the wrong compounds. GC/ECD is great for detecting halogenated
molecules like PCP and possible breakdown products.

GC/MS is capable of detecting

chlorinated compounds and more importantly phenol which is not readily detected using
GC/ECD. It may have been possible (although doubtful) that a portion of the PCP molecule
was degraded to lower molecular weight compounds (organic acids or alcohols) which would
not have been detected by the analytical techniques used in this study.
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It :> also doubtful that higher molecular weight polymerization products w ere formed
during these studies and that the temperature program on GC ECD or GC MS was not running
long enough for the molecules to elute from the column so that the GC could detect them. On
more than one occasion the temperature program on GC ECD w as running long enough (well
oxer an hour) and at sufficient temperature (300X) for each sample to ensure that any

moderately higher molecular w eight polymerization products would elute from the GC ECD
column.
The resistance of pentaehlorophenol to reductive dechlorination under the conditions
employed in these experiments should not be construed to guarantee that other molecules will
not undergo reductive dechlorination. In unbuffered soils at low pH. dechlorination of a wide
variety of compounds may occur. It is my opinion however, that based on my research, that
microw ave extraction procedures are a very safe method of extracting organic compounds
from soil or biological matrix.
As pH may play a role in affecting the degradation potential of chlorinated organic
molecules, a study showing the effects of pH under simulated microwave extraction
procedures may be w arranted. How ever, the usefulness for scientific sense is debatable as the
naioriiy of extractions performed in analytical laboratories have soils at near neutral pH
v alues. Therefor, it would be my interest to switch gears and deal with new issues within
microwave research.
Microwave heating w orks by being absorbed strongly by polar molecules with high
dielectric constants. It is seldom encountered that in aqueous solution you find materials with
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higher dielectric constants than water. Microwave energy does not have the ionization
potential to disrupt bonds holding together organic molecules as would be found in an
aqueous setting. It may be more beneficial to seek the potential for degradation of chlorinated
solvent vapors or other vapors in general when subjected to microwave irradiation in the
presence of catalytic mixtures of high e" values. Under these conditions it may be possible
to get preferential degradation of organic molecules being subjected to microwave irradiation.
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